As cells undergo apoptosis, they are recognized and removed from the body by phagocytes. This oft-overlooked yet critical final step in the cell-death programme protects tissues from exposure to the toxic contents of dying cells and also serves to prevent further tissue damage by stimulating production of anti-inflammatory cytokines and chemokines. The clearance of apoptotic-cell corpses occurs throughout the lifespan of multicellular organisms and is important for normal development during embryogenesis, the maintenance of normal tissue integrity and function, and the resolution of inflammation. Many of the signal-transduction molecules implicated in the phagocytosis of apoptotic cells appear to have a high degree of evolutionary conservation, and therefore the engulfment of apoptotic cells is likely to represent one of the most primitive forms of phagocytosis. With the realization that the signals that govern apoptotic-cell removal also serve to attenuate inflammation and the immune response, as well as initiate signals for tissue repair and remodelling in response to cell death, the study of apoptotic cell clearance is a field experiencing a dynamic increase in interest and momentum.
Introduction
Strict control of the cell-death programme is important for normal deletion of unwanted cells, and aberrations in this process have obvious and profound implications for the pathogenesis of disease. However, the energy invested in apoptosis is arguably for naught in the absence of efficient cell corpse removal. The contents of dying cells are a potent primordial 'biohazard', with potential to inflict extensive tissue damage as a result of cytotoxicity, invocation of inappropriate inflammatory responses and presentation of auto-antigens [1] [2] [3] . Indeed, the failure to remove apoptotic cells efficiently has been linked to the pathogenesis of a variety of different chronic inflammatory and auto-immune diseases, including systemic lupus erythematosus and retinitis pigmentosa [4, 5] . Therefore it is essential that dying cells are recognized and removed with immunological stealth to maintain normal tissue homoeostasis in the face of cell death.
Apoptotic-cell clearance and the inflammatory response initiated by the phagocyte-corpse interaction is a multi-faceted field of study which is complicated by the simultaneous presence of many different putative ligands on the apoptotic-cell surface, and a wide variety of potential receptors expressed alone or in combination by many different types of phagocyte. In addition, it is becoming increasingly clear that redundant pathways for engulfment exist, and that the cytokine environment in which the engulfment process occurs also plays an important role in the regulation of apoptotic-cell uptake and subsequent immunological reaction by the host. While much has been learned in the past 20 years regarding the phagocytosis of apoptotic cells (for comprehensive reviews, see [1] [2] [3] [6] [7] [8] ), many aspects of this intricate process remain a mystery.
ACAMPs (apoptotic-cell-associated molecular patterns): cell-surface changes make apoptotic cells appetizing to phagocytes
How apoptotic cells are detected and targeted for removal by phagocytes in the context of normal, healthy tissue is a central issue in the study of apoptotic-cell removal. Phagocytosis of micro-organisms is mediated by recognition of 'PAMPs', or pathogen-associated molecular patterns, on bacterial outer membranes through the innate immune system. Similarly, the surface changes that promote apoptotic-cell removal have come to be known as ACAMPs. A variety of factors, including the tissue type of the apoptotic cell and the stimulus that initiates apoptosis, could conceivably affect ACAMP expression. In addition, apoptotic cells are not static entities and ACAMPs can reasonably be expected to change during progression of the cell-death programme [9] .
Several different types of ACAMPs have been identified [2, 6, 7] (Figure 1 ). At an early stage in the cell-death programme, cells lose the ability to maintain phospholipid asymmetry, and as a result, expose PS (phosphatidylserine) on the outer leaflet of the plasma membrane [10] . In addition, proteins on the apoptotic-cell surface may display altered glycosylation patterns, such as increased expression of N-acetylglucosamine, which is thought to promote phagocytosis through lectin-carbohydrate interactions [11] . Finally, cell-surface proteins such as ICAM-3 (intercellular cell-adhesion molecule 3) [12] may Figure 1 . ACAMP expression designates apoptotic cells for phagocytosis As cells undergo apoptosis, proteins and lipids on the cell surface become altered as result of the cell-death programme. These molecular patterns are important for recognition and removal of the apoptotic cell by phagocytes. Identified ACAMPs include loss of phospholipid asymmetry and PS (phosphatidylserine) exposure, oxidation of phospholipids (top left), exposure of cryptic epitopes as a result of changes in protein conformation or protein-protein interactions (centre left), and alterations in glycosylation patterns (centre right). In addition to gain of specific molecular patterns, signals which prevent phagocytosis and indicate viability of normal cells ('VCAMPs', viable-cell-associated molecular patterns) are lost from apoptotic cells (top right). Finally, apoptotic cells can become opsonized by molecules that recognize PS, such as MFG-E8 (lactadherin), Gas-6 or Protein S (bottom left), by components of the innate immune system, including complement, pentraxin and collectin family members (bottom centre), or by apoptotic-cell-specific autoantibodies (bottom right). AT, aminophospholipid translocase; MFG-E8, milk fat globule-EGF-factor 8; EGF, epithelial growth factor. [13] . Although this particular (and first) example is relatively cell-type-specific, 'VCAMP' (viable-cell-associated molecular pattern) expression may represent yet another level in the complex series of surface pattern changes which regulate apoptotic cell recognition.
Utensils for corpse clearance: receptors implicated in apoptotic-cell ingestion
Many different phagocytic receptors have been implicated in apoptotic-cell recognition, primarily by antibody and ligand-inhibition studies, but also through the use of genetic manipulation in Caenorhabditis elegans, Drosophila melanogaster and mice ( Figure 2 ). Redundant pathways apparently mediate phagocytosis of apoptotic cells, as treatment of phagocytes with any given receptor-specific antibody or ligand often will not inhibit uptake by more than 50%. Even genetic deletion of individual receptors rarely results in a significant reduction of apoptotic-cell clearance in vivo. It is important to note that recognition systems employed by the phagocyte may vary according to phagocyte type and maturation stage, and that both primary and secondary mechanisms for apoptotic-cell removal may exist [14] . Whereas immediate recognition by neighbouring phagocytes may be mediated by early changes on the cell surface, opsonization with apoptotic-cell-specific binding proteins may enhance clearance in situations where apoptosis is occurring at a high rate. A failure to clear apoptotic cells efficiently may result in secondary opsonization with complement or antibody, and thus increase the likelihood of inappropriate inflammatory responses and contribute to the pathogenesis of autoimmune disease.
A number of receptors, including scavenger receptor family members {CD36, CD68, SRA (scavenger receptor A) and others [15] }, the glycosylphosphatidylinositol-linked lipopolysaccharide receptor CD14 [16] and the PSR (PS receptor) [17] , are thought to be capable of direct ACAMP recognition. In addition, several molecules that recognize PS are thought to bridge the apoptotic cell to the phagocyte, essentially acting as apoptotic-cell opsonins. These include the soluble growth factor Gas-6, which is thought to promote phagocytosis by binding to the Tyro-3 receptor tyrosine kinase family member Mer [4, 18] . In addition, thrombospondin [19] and MFG-E8 (lactadherin; milk fat globule-epithelial growth factor-factor 8) [20] are thought to form complexes with CD36 and ␣ v ␤ 3 integrin (CD51/61). The serum component Protein S was also recently shown to enhance phagocytosis of apoptotic cells [21] , although the receptor that mediates this interaction on the phagocyte has not yet been identified.
Apoptotic cells may also be opsonized by classic components of both the innate and adaptive immune system. The pentraxin family of acute-phase proteins have been shown to enhance phagocytosis of apoptotic cells while maintaining an anti-inflammatory response [22] . The complement component C1q, and other members of the collectin family, including mannose-binding lectin and lung surfactant proteins A and D, have also been shown to promote phagocytosis of apoptotic cells through interaction with surface-expressed calreticulin, which is in turn bound to CD91 (LRP-1, ␣2 macroglobulin receptor) [23] . Finally, disturbances in normal apoptotic-cell clearance may lead to the inappropriate generation of apoptotic-cell-specific antibodies, which are found with high frequency in patients with auto-immune disease [5] .
Figure 2. Engulfment of apoptotic cells may be mediated by many different receptor-mediated recognition systems
A variety of receptors and receptor complexes have been demonstrated to be involved in the regulation of apoptotic-cell clearance. These include receptors capable of direct recognition of surface changes on the apoptotic cell (left-hand panel), such as the glycosylphosphatidylinositollinked lipopolysaccharide receptor CD14 (ICAM-3), the PSR (PS receptor) and members of the scavenger receptor superfamily, including the oxidized low-density lipoprotein receptor, CD68, SRA and CD36. Other receptors are thought to mediate engulfment by binding of 'bridging molecules', which specifically bind to the apoptotic cells (centre panel). Examples of such systems include binding of the soluble factor Gas-6 by the Mer receptor tyrosine kinase, and a complex consisting of CD36, ␣ v ␤ 3 integrin (CD51/61) and thrombospondin, or ␣ v ␤ 3 integrin in conjunction with MFG-E8 (lactadherin). Finally, phagocytosis of apoptotic cells may also be facilitated through opsonization with components of the innate and adaptive immune system (right-hand panel). The complement component C1q is thought to bind apoptotic cells through its globular head domain, and binds to surface-bound calreticulin, which is complexed to CD91, via its collagenous tail domain. Apoptotic cells opsonized with auto-antibodies may be phagocytosed through the Fc family of receptors (FcR). Because phagocytes often express more than one type of apoptotic-cell receptor, deciphering how each receptor contributes to the engulfment process has been difficult. Recent studies using an erythrocyte-based system to target specific, individual receptors on the phagocyte suggest that many of the receptors proposed to be involved in apoptotic-cell clearance mediate binding of the apoptotic cell to the phagocyte, whereas the presence of PS was required for particle internalization [24] . Addition of PS-containing microliposomes or antibody-mediated ligation of the PSR could even drive the internalization of particles bound to the cell surface, which were otherwise not engulfed. These results led to the generation of the 'tether and tickle' hypothesis, which suggests that phagocytosis of apoptotic cells may require a binding step that may often be separate from a second, ligand-induced, stimulation of the uptake process. In this model, specificity for apoptotic-cell uptake and the subsequent phagocyte response could conceptually be transmitted through either interaction. Furthermore, 'tether and tickle' does not imply that the binding event is entirely passive in terms of phagocytosis, nor does it exclude the possibility that recognition of apoptotic cells by specific receptors or receptor complexes may modulate the ability of the cell to respond to the engulfment signal.
'Efferocytosis': uptake of apoptotic cells occurs through a unique phagocytic mechanism
Although only a few cell types express specific receptors for classical phagocytic opsonins, such as immunoglobulins, most eukaryotic cells do have the latent and very primitive ability to phagocytose particulate matter from their extracellular environment, including apoptotic cells and apoptotic bodies. In fact, the task of removing apoptotic cells is conducted by cells of nearly all tissue types, including fibroblasts, endothelial cells and epithelial cells, and is a rapid process in vivo, such that apoptotic-cell bodies are rarely observed outside of other cells in situ. Clearance of apoptotic cells, although delayed, even occurs in the PU.1-knockout mouse, which is macrophage-deficient [25] . Therefore, it is predicted that the mechanism for apoptotic-cell engulfment, including the elements recognized on the apoptotic body, the receptors involved in recognition and uptake, and the signal-transduction pathways utilized during engulfment, may be evolutionarily conserved among species and expressed ubiquitously, allowing a wide variety of cell types to participate in the clearance process. Phagocytosis, defined as engulfment of particles larger than 0.5 m in diameter, can occur through a variety of mechanisms that are distinguished by both morphological characteristics and by the molecular pathways which regulate them [26] . Phagocytosis of IgG-opsonized particles is mediated by a 'zip-per' mechanism, wherein pseudopod extension is driven by sequential binding of ligands on the particle being ingested to receptors on the phagocyte, resulting in the formation of a phagosome with a membrane that is very tightly opposed to the ingested particle or cell. Phagocytosis mediated by complement is described as a 'sinking' mechanism, as the particle being engulfed appears to settle into the body of the phagocyte with very little membrane protrusion. Finally, the process of macropinocytosis can entrap particles or cells bound to the surface of the phagocyte when the ruffling membrane folds back against the cell body and fuses [27] . Macropinocytosis regulates bulk fluid and macromolecule uptake from the extracellular space, and is the mechanism utilized by immature dendritic cells for antigen acquisition. In contrast to the zipper mechanism, phagosomes formed as a result of macropinocytosis are loosely opposed to the ingested particle or cell, as typified by the 'spacious phagosomes' formed during invasion of Salmonella. All described mechanisms of phagocytosis require actin cytoskeletal rearrangement, and thus are regulated by the Rho family of low-molecular-mass GTPases. While there is some controversy within the literature regarding how these molecules regulate different forms of phagocytosis, Cdc42 and Rac appear to be important for both FcR (Fc receptor)-mediated phagocytosis and macropinocytosis, while RhoA plays a dominant role in regulation of complement-receptor-mediated phagocytosis (CR3).
Phagocytosis of apoptotic cells appears to resemble a process similar to macropinocytosis, rather than a classical zipper mechanism, although these two means for engulfment of debris, cell bodies and pathogens share a requirement for the activation of a number of different signal-transduction molecules, including Cdc42, Rac1 and phosphoinositide 3-kinase [28] . Apoptotic cells, in contrast to IgG-opsonized viable cells, are found enclosed within spacious phagosomes (A. deCathelineau, unpublished work). In addition, similar to macropinocytosis, engulfment of apoptotic cells is sensitive to amiloride, whereas phagocytosis of IgG-opsonized particles is not [24, 27] . These observations, combined with the observation that PS can stimulate membrane ruffling and the formation of macropinosomes, as well as initiate the phenomenon of 'bystander engulfment', distinguish further the engulfment of apoptotic cells as a unique phagocytic mechanism [24] . To emphasize the idea that apoptotic-cell clearance is a unique form of phagocytosis with important physiological consequences for the regulation of inflammation, the members of this laboratory have begun to use the term 'efferocytosis', derived from the Latin prefix effero-, meaning 'to take away, to put away, to carry to the grave, or to bury', to describe recognition and engulfment of apoptotic cells.
Dinner conversations: is there an apoptotic-cell-engulfment synapse?
shown that cholesterol is also important for the phagocytosis of apoptotic cells, but not for FcR-mediated engulfment (A.C. Tosello-Trampont, K.S. Ravichandran, A.M. deCathelineau and P.M. Henson, unpublished work). During phagocytosis of apoptotic cells, the diffuse distribution of the ganglioside G M1 , a lipid raft marker, appears to be altered into a large aggregated patch at the interface of the apoptotic cell and the phagocyte (A.C. Tosello-Trampont, K.S. Ravichandran, A.M. deCathelineau and P.M. Henson, unpublished work). These observations support further the concept that the mechanism that governs apoptotic-cell removal is distinct from other mechanisms of phagocytosis, and that a redistribution of lipid microdomains and proteins on the surface of the phagocyte may occur during the engulfment process. The concept of an apoptotic-cell 'synapse', such as that observed during antigen presentation and T-cell activation, has been suggested previously [2, 14] ; however, the evidence for the existence of such a structure in this context is only beginning to emerge.
The activation state of some signalling molecules is known to be effected by their lipid environment, and lipid rafts are thought to act as platforms for the amplification of signal-transduction pathways. Several of the putative receptors for apoptotic-cell clearance are known to be enriched within cholesterol-and sphingolipid-dense lipid raft domains, including ␣ v ␤ 3 integrin and the glycosylphosphatidylinositol-linked protein CD14. The adaptor protein CrkII and Dock180, as well as the Rho-family GTPase Rac1, are recruited to the engulfment site by integrins during uptake of apoptotic cells [30] . It is interesting to speculate that efferocytosis may be a hybrid mechanism between macropinocytosis and the specialized zipper mechanism. While stimulated macropinocytosis can form vesicles as large as 2.0 m in diameter and mediate the engulfment of fluid, macromolecules and micro-organisms, it is probably not capable of entrapping whole apoptotic-cell bodies. Therefore, the aggregation of lipid rafts at the interface of the apoptotic cell and the phagocyte during efferocytosis may serve to recruit and accumulate apoptotic-cell-receptor complexes and signalling molecules to promote an emphatic signalling burst and drive particle engulfment, whereas extension of membrane during phagocytic 'zippering', such as that mediated by the FcR, is localized and driven by sequential ligand-receptor-binding events (Figure 3 ).
Cell-engulfment defects: genetic studies in C. elegans define signal-transduction molecules required for efficient phagocytosis of apoptotic cells
Much of what is known about the signal-transduction pathways that regulate efferocytosis comes from genetic studies in the nematode C. elegans [6, 8] . Although C. elegans has no macrophages, or even an immune system, each of the 131 cells that die during the development of the hermaphrodite worm is swiftly recognized and engulfed, as they are in higher organisms. The study of mutant animals with corpse-clearance defects has led to the identification of eight components of the apoptotic-cell-body removal machinery, which are grouped with other genes that regulate apoptosis in the worm and are therefore termed ced, or C. elegans death, genes. Interestingly, most of the apoptotic-cellclearance genes identified in C. elegans appear to encode signalling molecules. An exception to this may be Ced-1, which is localized to the plasma membrane and has homology with the scavenger receptor family [31] , and which has an intracellular signalling domain with homology with CD91.
Despite the power of genetic manipulation in C. elegans, how each of the Ced-encoded molecules participates in the engulfment process will require further investigation. The C. elegans engulfment genes have been segregated into two groups based on complementation analysis. Perhaps surprisingly, neither single mutations nor any combination of mutations results in a complete abolishion of apoptotic-cell removal, reiterating the idea that the phagocytosis of apoptotic cells can be achieved through multiple redundant mechanisms. While the Ced-2 (CrkII)/Ced-5 (Dock180)/Ced-12 (ELMO; engulfment and cell motility)/Ced-10 (Rac) complementation group clearly represents components of the molecular machinery responsible for actin cytoskeleton rearrange- 'Zipper' phagocytosis Classical opsonins Efferocytosis Macropinocytosis ment, how this pathway is activated and regulated is entirely unknown. However, over-expression of some of these molecules results in membrane ruffling, consistent with the concept that efferocytosis is macropinocytosislike [32, 33] . Curiously, many of the components of this second complementation group, as well as many of the receptors implicated in apoptotic-cell clearance, are also known to be involved in regulation of cholesterol homoeostasis. Whether these two groups in fact represent redundant signal-transduction pathways for apoptotic cell engulfment or whether they represent a single pathway with multiple points for regulation remains to be determined.
The complacent diner: implications of apoptotic-cell ingestion for the regulation of inflammation
Cytotoxic, pro-inflammatory and potentially auto-immunogenic debris can either be released from cells which have suffered an untimely necrotic death or leak from uningested apoptotic cells following secondary lysis. Therefore, phagocytosis of apoptotic cells while the cell body remains intact is important to prevent exposure of tissues to the noxious cytoplasmic contents from dying cells [3] . In addition, interaction of phagocytes with apoptotic cells results in the release of anti-inflammatory and immunosuppressive cytokines and prostanoids, including transforming growth factor-␤ and prostaglandins E 2 [1] and I 2 (C. Freire de Lima, personal communication), which further serve to promote maintenance of tissue homoeostasis during normal cell-death processes.
The cellular interactions that govern the inflammatory response in the face of cell death are not well understood. Many of the receptors that are known to be important for phagocytosis of apoptotic cells, such as Mer, the PSR and ␣ v ␤ 3 integrin/CD36, also are known to modulate cytokine production. Importantly, completion of engulfment is not necessary for regulation of the inflammatory response. Interaction of the phagocyte with apoptotic cells or PS alone is sufficient to promote the release of anti-inflammatory cytokines and chemokines. In fact, the presence of apoptotic cells in the absence of clearance may exacerbate disease processes, and has recently been shown to contribute to the pathogenesis of emphysema [34] .
As both apoptotic cells and necrotic cells expose PS, the decision to commit to either an anti-inflammatory or pro-inflammatory response does not appear to occur from recognition of the dying cell per se, but is probably regulated by exposure to intracellular contents released from lysed necrotic cells, such as heatshock proteins and the DNA transcription co-factor HMG-1 (high motility group-1) [35] . Interestingly, the process of apoptosis itself may serve to protect from exposure to these elements. For example, HMG-1 in apoptotic cells is bound to condensed DNA and therefore protected from accidental release. Therefore, there may actually be a hierarchy for induction of inflammation with necrotic cells, not previously apoptotic cells, being the most potent inducers of an inflammatory response, while apoptotic and subsequently lysed cells have an intermediate potential for inflammatory stimulation, and apoptotic unlysed cells are non-phlogistic in nature [36] .
Conclusion: removal of apoptotic cell bodies is an ambitious undertaking
Disease pathogenesis results from uncontrolled cell proliferation or uncontrolled inflammation. Just as correct regulation of cell death is important for control of cell growth and differentiation, efficient removal of dying cells is critical for control of the immune response. Under normal circumstances, phagocytosis of apoptotic cells occurs so rapidly, that in situ apoptotic cells are rarely observed outside of other cell bodies. Therefore, when excess numbers of apoptotic cells are observed, it is important to consider a defect in apoptotic cell clearance as a factor in the progression of disease, as well as alterations in the rate of cell death.
In contrast to mechanisms of phagocytosis that have evolved to remove micro-organisms as a critical line of host defense against infection, and are thus designed to initiate beneficial inflammatory responses, efferocytosis is an evolutionarily conserved phagocytic mechanism designed to protect us from exposure to ourselves. To study how apoptotic cells are removed is an attempt to understand a wide variety of intricate cell-cell and protein-complex interactions, and the consequences of these interactions for regulation of inflammation and maintenance of normal tissue integrity and function.
Because this cellular undertaking occurs in nearly all multicellular organisms, understanding the process of apoptotic-cell removal is likely to contribute to our understanding of the origins of phagocytosis itself and regulation of the innate and adaptive immune responses. While many signals on the apoptoticcell surface are likely to contribute to the recognition of apoptotic cells and their subsequent engulfment, the presence of PS has been shown to be important for stimulating both the uptake of apoptotic cells through a process similar to macropinocytosis. Importantly, PS has also been shown to regulate the production and release of anti-inflammatory cytokines. It is of no surprise, then, to learn that a variety of obligate intracellular pathogens, including Leishmania, and also some types of neoplastic cells, expose PS, and perhaps use apoptotic-cell mimicry to avoid immunodetection. Therefore, the study of apoptotic-cell clearance may ultimately lead to an understanding of pathogen invasion and evasion strategies, as well as to insights into the progression of certain types of cancer.
Summary

• Recognition and removal of apoptotic cells is important for the preven-
tion of exposure to the cytotoxic and potentially auto-immunogenic contents of dying cells.
• 
